Xenopus laevis short interspersed repeat transcripts (Xlsirts) are a family of noncoding RNAs defined by the presence of a specific repeated sequence that acts as a vegetal localization element. Previous studies have demonstrated that Xlsirts function as localization elements to localize RNA and also in anchoring mRNA at the vegetal cortex. However, the identity of the Xlsirts containing family members present at the cortex was unknown. We identified 17 new Xlsirt cDNAs from an oocyte cDNA library. In addition to being associated with noncoding sequences, the repeats were also present in cDNAs with open reading frames. Xlsirt RNAs with repeats in the correct orientation were capable of localizing to the vegetal cortex. Our observations demonstrate that a heterogeneous population of Xlsirt RNAs is present at the cortex and that this population contains both noncoding RNAs and RNAs encoding proteins that are likely to play important roles in the subsequent development of the embryo. q
Introduction
Much of eukaryotic DNA consists of repetitive sequences that comprise satellite repeats, which are organized in tandem arrays confined to a specific region of the genome, and interspersed repeats, which are found interspersed with nonrepetitive regions of DNA (for review see Jurka, 1998) . Interspersed repetitive DNAs can be transcribed and in the Xenopus laevis oocyte polyadenylated interspersed RNAs comprise almost two thirds of the total RNA (Anderson et al., 1982) . Interspersed RNAs can be subdivided further based on the sequence of the repeat region. In Xenopus, these include, among others, the Ocr, XR, Xstir, and Xlsirt families of RNAs (Hikosaka et al., 2000; Kloc et al., 1993; Liu and Smith, 1995; Morgan and Middleton, 1990) . While a fraction of the Xlsirt repeats exist as interspersed RNAs, Xlsirt repeats are also clustered at telomeres without intervening nonrepetitive sequences (Jamrich et al., 1983) .
In situ hybridization analysis showed that Xlsirt family members are localized to the vegetal cortex of the Xenopus oocyte through the Metro or early pathway during stages I and II of oogenesis (Kloc and Etkin, 1995; Kloc et al., 1993 Kloc et al., , 1996 . In stage I oocytes, the RNAs are found in a subregion of the mitochondrial cloud, a prominent organelle located next to the germinal vesicle, which transports them to the cortex. They are then anchored at the vegetal cortex of the oocyte, where they remain throughout oogenesis (Kloc et al., 1998) . The Xlsirt repeats function as localization signals in the developing Xenopus oocyte, directing RNAs that contain the repeats to the vegetal cortex (Kloc et al., 1993) . Kloc et al. (1993 Kloc et al. ( , 1998 demonstrated that the Xlsirts family is associated with germ plasm, which is present in this region of the oocyte, suggesting a possible role of the Xlsirts in the function or differentiation of the germ line. Destruction of Xlsirts transcripts by antisense oligodeoxynucleotide injection delocalized another localized RNA, Vg1, from the vegetal cortex of the oocyte while not effecting the localization of Xcat2 (Kloc and Etkin, 1994) . This result established a role for Xlsirts in the anchoring of other RNAs to the vegetal cortex. Richter et al. (1984) demonstrated that less than 10% of the repetitive RNA in an oocyte can be translated. Spohr et al. demonstrated that transcripts of both strands of the Xlsirt repetitive element were associated with polysomes, implying that these transcripts are translated (Spohr et al., 1981) . Further work subsequently identified several polyadenylated mRNAs containing Xlsirt repeats, however, they did not contain open reading frames (Reith and Spohr, 1984; Spohr et al., 1982 Spohr et al., , 1983 . These data implied that all maternal Xlsirts may lack ORFs suggesting that the Xlsirt (Kloc and Etkin, 1994) . Both the localization studies and the antisense functional analysis of Xlsirts have dealt with the Xlsirt family as a whole since the probes or ODNs used contained the Xlsirt repeat. Therefore, it is not clear if one or multiple Xlsirt RNAs are localized to the vegetal cortex or are involved in anchoring other RNAs to the vegetal cortex. In fact, in situ hybridization using the unique region of the p11 cDNA has failed to detect this transcript in the oocyte suggesting that it is absent or in very low abundance (Kloc, unpublished data) . Additionally, northern blot using the repeat region as a probe produces a smear with several bands instead of a discrete band, suggesting that multiple Xlsirt RNAs are present (Spohr et al., 1981; Kloc, unpublished data) . We were therefore interested in determining which transcripts containing Xlsirt repeats are present in the oocyte. To identify these transcripts we screened a cDNA library using the Xlsirt repetitive region as a probe. We found a heterogeneous mixture of Xlsirts in the oocyte containing repeats in both orientations some of which had ORFs associated with them. Several of these encode proteins indicating that besides a structural role that had previously been attributed to the Xlsirts they also are likely to produce protein products that play important roles during development (Kloc et al., 2002) .
Results
To identify the Xlsirts that are present in the stages I-III Xenopus oocytes, we screened a mitochondrial cloud cDNA library using the Xlsirt repetitive sequence as a probe. Screening 2.5 £ 10 5 plaques yielded 59 individual positives, 17 of which were isolated and sequenced ( Xlsirtunk1, 1.9, [3] [4] [5] [6] [7] [8] [9] [10] [11] . Each unique region we sequenced was different. Based on the assumption that a randomly sequenced portion of the library represents accurately the composition of the library as a whole, we infer that a diverse group of unique regions is associated with the Xlsirt repeats. We estimate that we sequenced 7.2% of the positive cDNAs in the library, based on the presence of 59 positive cDNAs in 25% of the library. The cDNAs we sequenced revealed several interesting features of the Xlsirt family. First, Xlsirt cDNAs contained repeats transcribed from either of the two repetitive DNA strands, producing repeats in either of two orientations. Second, within a given DNA, the repeats were limited to one orientation. Third, the number of repeats per cDNA clone was highly variable. Fourth, the repeats were associated with either the 3 0 or 5 0 ends of the clones. Some but not all of the variation may have resulted from incomplete reverse transcription during library construction, producing cDNAs representing only fragments of the original RNA molecules. The variation is, however, consistent with the results obtained in previous studies (Kloc et al., 1993) . The most notable feature of the cDNAs isolated was the presence of ORFs in about half of the clones (Table 1) . ORFs were identified from conceptual translations as an unbroken stretch of 100 or more amino acids. Four cDNAs containing unique regions were selected for further analysis. Clone Xlsirt-met which has conceptual translation product with similarities to a metallopro- tease. Clone Xlsirt-unk1 has an open reading frame with no significant homologies. The conceptual translation product of clone Xlsirt-trans has similarities to membrane transport proteins. Alignment of the repeats from these cDNAs along with repeats from the previously identified clone Xlsirtp11 showed that the repeats were very highly conserved both within one cDNA and among different cDNAs, with homologies ranging from 80 to 98% (Fig.  1 ). The extremely high degree of conservation, both between repeats within one clone and among repeats from different clones, suggested that the repeat unit has an important function in each clone. Interestingly, the less conserved positions among the repeats tended to vary consistently between the same two or three nucleotides, suggesting a common origin for the variants. To confirm that the cDNAs isolated in our screen were representative of bona fide Xlsirt RNAs in the oocyte, we used RT-PCR to amplify regions of the RNA that contained both repetitive and nonrepetitive sequence from stages I to III oocyte RNA. We used primers that spanned the repeats or, if this was not possible due to limitations imposed by the sequence, a PCR primer that overlapped the junction between the repetitive and nonrepetitive regions (Fig. 2a) . For each of the four cDNA clones, an RT-PCR product of the expected size was produced (Fig. 2b) . For clone Xlsirt 4-8, an additional, higher molecular weight band was also present, whose identity we do not know. We therefore believe that each of these four cDNAs represents an Xlsirt RNA that is present in stages I-III oocytes. These RNAs were rare, as preliminary Northern blotting and in situ hybridization experiments did not detect them (data not shown).
Because Xlsirt repeats in the forward orientation function as a localization element, directing transcripts to the vegetal cortex of the oocyte, each transcript we identified in our screen that contained these repeats was likely to be localized to the cortex (Kloc et al., 1993) . However, in situ hybridization using unique regions of these transcripts as probes showed no signal for any but clone 3-11, suggesting that the abundance of the RNAs was too low to detect by this method (data not shown). Therefore, to determine if the Xlsirts cloned were capable of localizing to the vegetal cortex, we microinjected synthetic transcripts into oocytes. As expected, the in vitro synthesized RNAs containing repeats in the forward orientation localized to the vegetal cortex of the oocyte, but the RNA with repeats in the reverse orientation did not (Fig. 3) . From this result, we infer that the endogenous transcripts containing forward repeats are capable of localizing to the vegetal cortex but were too rare to be detectable by in situ hybridization. It is likely that the Xlsirt RNA at the cortex was heterogeneous population and that the individual Xlsirt RNAs were too rare to detect by this methodology. It is also possible that there were abundant RNAs that we did not identify it in our screen. Because we have sequenced only 7.2% of the Xlsirt cDNAs we estimate to be present in the library, a substantial proportion of Xlsirt clones remain to be identified.
Discussion
We have identified several new Xlsirt family members from a X. laevis cDNA library. These new family members provide additional information about the Xlsirts. First, our data support the earlier suggestion that the population is heterogeneous, with numerous transcripts containing the Xlsirt repeats (Spohr et al., 1981) . Second, we have identified several maternal Xlsirts that contain ORFs. Previous studies have suggested that a small percentage of interspersed RNAs and transcripts containing Xlsirts may be translatable (Richter et al., 1984; Reith and Spohr, 1984) . However, Xlsirts were believed to be a family of noncoding RNAs due to the identification of a number of Xlsirt RNAs containing only repeats and noncoding unique sequences (Spohr et al., 1982 (Spohr et al., , 1983 Kloc et al., 1993) . We demonstrate that there are also representatives within the Xlsirt family in which the repeats are associated with coding sequences and that they function as localization elements to localize these mRNAs. In addition to the cDNAs identified in our study that possess open reading frames, a search of the databases revealed the presence of Xlsirt repeats in the reverse orientation in Xenopus pleiotrophic factor b and Xenopus cellular retinoic acid binding protein mRNAs (Ho et al., 1994; Tsujimura et al., 1995) .
Previous studies have not addressed whether the Xlsirt localization pattern resulted from the detection of a heterogeneous mixture or a single predominant transcript (Kloc and Etkin, 1995; Kloc et al., 1993 Kloc et al., , 1996 . Likewise, the antisense results showing delocalization of Vg1 could arise from the destruction of one or multiple transcripts (Kloc and Etkin, 1994) . Our identification of several Xlsirt RNAs in the oocyte that are capable of localizing to the cortex suggests that the Xlsirt in situ hybridization results are likely to be the product of simultaneous detection of a number of lower abundance Xlsirt RNAs. Recent data have identified a role for another vegetally localized RNA, VegT, in anchoring the Vg1 mRNA and in anchoring two additional localized RNAs, Xwnt11 and Bicaudal-C, at the vegetal cortex of the oocyte (Heasman et al., 2001 ). Thus, Xlsirt RNA, although the first such localized RNA shown to be involved in anchoring, is not unique in this capacity. In the VegT studies, anchored RNAs were released only when antisense oligonucleotides that degraded VegT mRNA were used. Morpholinos, that inhibit translation of VegT mRNA, did not have any effect. Therefore, the anchoring function of VegT was ascribed to the RNA itself and not to the encoded protein (Heasman et al., 2001) . This observation has two implications for the current study. First, it suggests that despite our identification of ORFs in several Xlsirt RNAs, it may be the RNA itself that is responsible for anchoring Vg1 and not the encoded proteins. Second, the identification of a second, unrelated RNA such as VegT, that is also localized at the cortex and involved in anchoring suggests that multiple Xlsirt containing RNAs that are present at the cortex, in addition to encoding proteins, also could have an anchoring function.
An intriguing possibility is that Xlsirts, in addition to functioning in anchoring and localization of mRNAs, may also play a regulatory role akin to other noncoding RNAs such as micro RNAs (Ambros, 2001) . Micro RNAs (miRNA) are small RNA species that originate from hairpin precursors that are approximately 70 nt in length. miRNAs have been implicated in posttranscriptional regulation of gene expression. The basic Xlsirt repeat unit is 79 nt in length and the presence of Xlsirt repeat sequences in both orientations associated with coding regions suggest the possibility that there may be interactions between the repeats. In addition, the Xlsirts have also been found in the regulatory regions of the Xenopus myo D gene as well as in the genomic clones of a zinc finger gene (M. Perry, personal communication; Nietfeld et al.,1993) . This further enhances the potential for regulatory functions of Xlsirts.
Xlsirt repeats have been identified in X. tropicalis in addition to X. laevis (Kloc et al., 1993) . Therefore, the localization function of the repeats and its consequences may be spread throughout the Xenopus genus. Whether a similar family exists in higher organisms is uncertain. Database searches revealed several clones of both genomic and cDNA origin with roughly 70% homology to the Xlsirts repeat over a 60 -80 nucleotide region (data not shown). While the significance of this similarity is unclear and will remain so until functional studies are conducted, the presence of these clones suggests that there may be functions of the repeats that have been preserved during evolution.
Experimental procedures

Library screening
The library was constructed from mitochondrial cloud poly(A) þ RNA and should therefore be enriched for transcripts found in this region. Mitochondrial cloud poly(A)
þ RNA was isolated as described by Chan et al. (1999) . The uni-ZAP XR directional cDNA library was synthesized by Stratagene. The library was estimated to contain 1.0 £ 10 6 individual cDNA clones. The library was screened and plasmids were excised according to the instructions supplied with the library. The Xlsirts repeat probe was prepared from a restriction fragment containing repeats from the p11 Xlsirts cDNA (Kloc et al., 1993) by the random primed method (Sambrook et al., 1989) . To analyze insert size, excised plasmids were digested with EcoRI and XhoI and analyzed by agarose gel electrophoresis.
Sequence analysis
Plasmid DNA was sequenced at the M.D. Anderson Sequencing Core Facility. The insert sequences were compared to the databases available through the National Center for Biotechnology Information's Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1990) . The Web site was accessed directly at http://www.ncbi.nlm. nih.gov/BLAST/ or through the Baylor College of Medicine Search Launcher at http://dot.imgen.bcm.tmc.edu (Smith et al., 1996) .
RT-PCR
RNA was isolated from stages I to III oocytes, selected on the basis of size using the following modifications of the published procedure for isolation of RNA from eggs (Sambrook et al., 1989) : (1) omit the proteinase K digestion, (2) use a homogenization buffer containing 0.3 M NaCl, 50 mM Tris, 1 mM EDTA, and 1% SDS, 3) add an additional phenol chloroform extraction followed by a chloroform extraction. For all clones except 1-7, reverse transcription was carried out using random hexamers as primers, using the Superscript Preamplification System (GIBCO BRL). PCR was conducted using PCR Supermix (GIBCO BRL) according to published recommendations. For clone 1-7, reverse transcription utilized a primer specific to the repetitive region, with sequence 5 0 -AGG TAT AGT AGG GAG AGA TG-3 0 , and the PCR product was radiolabeled and detected by autoradiography (Sambrook et al., 1989) . Primers were designed to either span repeats or, if this was not possible, to overlap the repetitive and the nonrepetitive regions. Primer locations are diagrammed in 
Microinjection
Digoxigenin-labeled transcripts were synthesized in vitro and detected according to the method of Kloc and Etkin (1999) . Albino X. laevis oocytes were staged by eye based upon size and opacity (Dumont, 1972) . Stage III oocytes were manually defolliculated and were injected with 4.6 nl of a solution of 100 -200 ng/mL of RNA in water using a Drummond nanoject microinjector. Control oocytes were injected with a nonlocalizing RNA or, for Xlsirt-met, an RNA consisting of the Xlsirt-met unique sequence only. Oocytes were paraffin embedded and sectioned according to standard procedures.
